Recently, VO2 (B) has received increasing attention due to its unique layered structure in lithium-ion batteries (LIBs). However, little study is focused on the effect of transition metal doping on its electrochemical performance. Herein, Co-doped VO2 (B) electrode materials were fabricated via a facile and controllable hydrothermal method. The as-prepared electrode show an excellent electrochemical performance. When employed as cathodes for LIBs, the capacity retention of the Co0.02V0.98O2 (B) can keeps 54.1% after 100 cycles at 0.1 C, i.e., 36 mA h g -1 larger than that for the pristine. The good electrochemical performance of the composites indicates their high potential as an electrode material for LIBs.
INTRODUCTION
Electrochemical energy storage has become a key technology because of the exhaust of traditional nonrenewable fossil resources and serious environment pollution [1] [2] [3] [4] . Comparing with conventional storage devices, lithium ion secondary batteries are attractive energy storage technique due to its long cycle life, high capacity and environmentally friendly characteristics [5] [6] [7] [8] . The cathode material is one of the most important components for LIBs; meanwhile, it is also the biggest bottlenecks, restricting the practical application of LIBs. The typical layered transition metal oxides of V6O13, VO2 and V2O5 as cathode materials have been extensively studied in the past decades, and regarded as a promising electrode material for LIBs [9] [10] [11] .
In particular, the metastable VO2 (B) formed from layered structures of shared VO6 octahedra, thus forming abundant one-dimensional tunnels along the b axis [12] [13] [14] [15] . This kind of structure has high theoretical capacity (324 mA h g -1 for one Li per VO2) than other types of vanadium oxides [12, 14] . And it possesses rapid lithium ion diffusion rate and ample sources [16] [17] [18] . But this material of electrochemical performance synthesized in the laboratory that not achieve the desired effect. Some studies report the actual capacity less than half the theoretical capacity and the charge-discharge cycle performance is also not particularly desirable [19] [20] . It is thought that the crystal defect causes this phenomenon. It is well known that doping, carbon coating and nanocrystallization are three common methods of material modification. For instance, some researchers have improved electrochemical performance by changing the morphology, such as nanorods, nanowires, nanobelts and nanospheres have been prepared [21] [22] [23] [24] . On the other hand, modification with carbon nanomaterials can also be used to obtain high electrochemical properties. In this regard, we will consider using carbon nanotubes developed in our laboratory to modify VO2 (B) [25, 26] . Nonetheless, the electrochemical performance has been improved to some extent, but the effect is not very ideal. To the best of our knowledge, Transition metal ion doping is a practical way to improve material properties. Zou et al. [27] synthesized Fe-doped VO2 (B) cathode material by one step hydrothermal synthesis method. The Fe0.03 VO2 (B) sample showed the best lithium storage performance with initial discharge capacity of 306 mA h g -1 at the current density of 0.1 C in the voltage range from 1.5 to 4.0 V, but its charge-discharge cycle performance is worse. So it is urged to develop new cathode material to make up the energy storage equipment.
In this study, Co-doped VO2 (B) were prepared by one step hydrothermal synthesis method for the first time, which were employed as cathode material for LIBs. Microstructure and electrochemical properties of Co doped VO2 (B) were investigated in order to discuss the effects of cobalt dopant on the doped material.
EXPERIMENT
All the raw materials were analytically pure. The solvothermal was used to synthesize CoxV1-xO2 (B) (x=0, 0.01, 0.02, 0.03, where x represents the molar ratio of Co ). 1.25 g C2H2O4·2H2O and 0.4 g V2O5 were magnetically stirred with 20 ml deionized water in a beaker at 80 ℃ to obtain VOC2O4, and then a suitable amount of Co(NO3)2·6H2O, 20 ml of the VOC2O4 solution and 3 ml of 30% H2O2 were added into a 100 ml inner lining of reaction kettle pre-filled with 30 ml of deionized water. After stirring for 10 minutes, the autoclave was sealed and maintained at 160 ℃ for 24 h in an oven, followed by natural cooling to room temperature. Finally, the calcination was carried out at 350 ℃ in nitrogen atmosphere to obtain a final product, which were labeled as Co1, Co2, Co3 and Co4, respectively.
The phase of samples were analyzed by a Philips X'pert Pro diffractometer with a Cu Kα radiation source (λ = 0.154 nm) at the scanning rate of 6 °/min. Fourier transform infrared spectroscopy (FT-IR) pattern of the solid samples was measured using KBr pellet technique and recorded on a Nicolet 6700 spectrometer from 4000 to 400 cm −1 with a resolution of 4cm −1 . The morphology and dimensions of the products were observed by Field emission scanning electron microscopy (FESEM, Hitachi S-4800). Quantitative analysis of samples using an energy diffusion spectrometer (Oxford, UK, INCAIE 350). X-ray photoelectron spectroscopy (XPS) measurements were carried out with an ESCALAB 250Xi spectrometer using Al Kα (1486.6eV) X-ray source. The EIS and CV of the cathode materials were texted using electrochemical workstations (CHI860D) by Beijing Huakeputian Technology. The coin cell was assembled in a glove box using Shenzhen (BTS-5 V-5 mA) test system to test the chargedischarge cycle of the samples. Fig. 1 exhibits the phase structure of different Co-doped amounts. Fig. 1(a) shows that the products are basically in line with the monoclinic VO2 (B) standard card (JCPDF NO.71-2235) [28] and no impurity phase is detected with the change in the amount of doping, indicating that doping did not have effect on the phase structure. Note that there are changes in the XRD pattern with the addition of cobalt atoms ( Fig. 1(b) ). We observe the change of the Bragg peak located at 2θ=25.34°, the diffraction peak shifted to low angle compared to undoped, and the deviation angle increases with the doping amount. The crystallite size for the VO2 (B)was determined by the MDI Jade software ( Table 1. ). The results show that the cell volume of amounts as the Co content increases. This is due to the substitution of Co 2+ (0.0645 nm) for V 4+ (0.058 nm). More structure information about Co-doped VO2 (B) composites was provided by FTIR in Fig. 1(c) . Among them, the peaks at 1610 cm −1 are attributed to C=C bonds [29] , 1000 cm -1 corresponds to symmetric stretching of the νs (V 4+ =O) bonds, and 543 cm -1 corresponds to the absorption peak of V-O-V bond [30] . The chemical composition of as-obtained samples was revealed by means of the Energy-Dispersive Xray Spectrometer (EDS) attached to FESEM in Fig. 2 . it shows that the relative atomic mass of Co increases with the doping amount. The results show that Co has been successfully occupy the position of V in the sample. Fig. 3 shows the SEM images of the Co-doped VO2 (B) composites. It can be seen from FESEM images that the microstructure of the sample has not changed much before and after doping. Like a cluster of flowers are composed of end-connected nanosheets. These suggest that the addition of cobalt nitrate did not change the crystal growth environment. Fig. 3(a) is an undoped sample, the average length is 4.0 μm. Fig. 2(a-c) are Co2, Co3, and Co4, respectively.
RESULTS AND DISCUSSION
The growth pattern is changed with the increase of Co-doped amounts. The sheets become wider and the particle size decreases. As we know, the particle size is larger and the specific surface area is smaller. More surface facilitates the intercalation and de-intercalation of lithium ions, which can improve the electrochemical performance. X-ray photoelectron spectroscopy was used to provide more information on structural properties. The XPS full scan spectrum of Co-VO2 (B) is shown in Fig. 4(a) . The peaks situated at 285 eV, 400 eV, 515 eV and 532 eV are ascribed to C 1s, N 1s, V 2p and O 1s energy level, respectively [31, 32] , which indicates that there are elements of O, V, and C in the sample. As shown in Fig. 4(b) , The peaks situated at 780.75eV, are ascribed to Co 2p energy level [33] ，The lines in the V 2p3/2 spectra of VO2 (B) ( Fig.  4(c, d) ) were broad, ranging from 514 to 518 eV, indicative of mixed oxidation states of vanadium ions. By means of XPS-peak-differenating analysis, the V 2p3/2 spectrum contained two contributions at 515.04 eV and 516.30 eV, corresponding to V 5+ and V 4+ ions [34] [35] [36] [37] . The discharge capacity and efficiency of the VO2 (B) without and with Co as the cathode materials were evaluated for 100 cycles at the current density of 0.1 C, as displayed in Fig. 5 . The discharge capacity significantly increases when cobalt ions are successfully incorporated, with the increasing of doping concentration. The first discharge specific capacity increased from 195 mA h g -1 to 271 mA h g -1 as x increased from 0 to 0.03. Notice that the cyclic performance does not increase with the doping content. For example, the cyclic capacity retention rate of Co4 is about 40.5% after 100 cycles, which is lower than 48% of the sample without doping. By comparison, when x=0.02, it exhibits excellentelectrochemical properties. the capacity of Co3 in the first discharge is 242 mA h g -1 with retention of 54.1% after 100 cycles, which is superior to the undoped counterpart. the other reported cathode materials [27, 40, 41] as showed in Table 2 . The above analysis indicates that the synergetic effects of Co 2+ doping could improve both the discharge capability and cycle stability of the VO2 (B) nanomaterials.
The 1st, 50th and 100th galvanostatic charge-discharge measurements were performed in the voltage window of 2.0-4.0 V. The representative voltage profiles of the samples at a current density of 32.4 mA g -1 are shown in Fig. 6 . The initial discharge curve consisted of one discharge plateaus, and the discharge plateau from 2.25 to 2.75V [38] , which was attributed to the reduction of V 5+ to V 4+ . At the 50th and 100th discharge cycle, there were still one discharge plateaus, but the discharge plateau greatly decreases, and the discharge capacity has also dropped sharply. EIS is one of the most informative electrochemical analytical techniques to understand the kinetics of Li + intercalation/extraction process in intercalation compounds. EIS Nyquist plots of the pure VO2 (B) and Co-doped VO2 (B) samples measured at the 3th fully discharged state. The inset shows the expanded plots at the high frequency region in Fig. 8 . The Rct of the Co-doped VO2 (B) samples are 615 Ω, 527 Ω, 649 Ω, respectively, which is lower than that of the pure VO2 (B) sample (889 Ω), demonstrating that the material that containing Co 2+ exhibits the better electrochemical kinetics. Fig. 9 shows the lithium-ion diffusion coefficients of samples, The values of DLi can be calculated based on the following formula [39] , when Z' =Rs+Rct+σwω -1/2 :
where σw is Warburg impedance, F is Faraday constant, Rs is the resistance of the electrolyte and electrode material, Rct is the charge transfer resistance, R is the gas constant, T is the absolute temperature, A is the surface area of the anode, n is the number of electrons per molecule during cycling, F is Faraday constant, C is the concentration of lithium ion, The relationship plot between Z' and ω -1/2 at low frequency region is shown in Fig. 9 . DLi were calculated to 8.04×10 -15 cm 2 s −1 (Co1), 9.51×10 -15 cm 2 s −1 (Co2), 9.59×10 -15 cm 2 s −1 (Co3) and 3.02×10 -14 cm 2 s −1 (Co4), respectively. The variation law of lithium-ion diffusion coefficient is alike to that of charge transfer resistance, further verifying that Co doping is an effective method to improve its electrochemical performances.
CONCLUSIONS
The Co-doped VO2 (B)has been prepared by one step hydrothermal synthesis method. Results show that proper Co doping is an effective method to improve its electrochemical performances, such as larger lithium-ion diffusion coefficients, higher electrochemical reversibility, and lower electrochemical reaction resistance. In particular, when doping amount of Co is x=0.02, the cathodes exhibited an excellent cycling performance. The capacity retention rate is 54.1% after 100 cycles, which is much higher than 48.0% of the pure VO2 (B) sample. Improvement of electrochemical performance of the Co-doped VO2 (B) samples could be attributed to the following reasons: first, the presence of more lower valence Co 2+ can improve the conductivity of the electrode; secondly, the occupancy of Co 2+ could stabilize the [VO6] layers; last but not least, those local structural defects due to oxygen vacancies may benefit the fast intercalation/extraction of Li + in the layers of VO2 (B).
